Spironolactone is widely used to treat heart failure, hypertension and liver disease with increased usage in recent years. Spironolactone has endocrine effects that could influence cancer risks and historical reports suggest possible links with increased risk of certain types of cancer. The aim of this study was to assess the effect of spironolactone exposure on cancer incidence.
Introduction
Spironolactone is an aldosterone antagonist commonly used to treat liver disease and heart failure. Its use in heart failure and hypertension has increased greatly in recent years [1, 2] . Although spironolactone has a licence from the Medicines and Healthcare Products Regulatory Agency for other indications, spironolactone is not currently approved for the indication of hypertension in the UK. This approval was withdrawn in 1988 after animal studies suggested an increase in myelomonocytic leukaemia with potassium canrenoate, a similar compound that, like spironolactone, is metabolised to canrenone. The British National Formulary entry for spironolactone carries the caution, 'potential metabolic products carcinogenic in rodents' [3] . The 2012 International Agency for Research on Cancer monograph for spironolactone summarises the data on possible associations of spironolactone with different cancers and concludes that 'there is inadequate evidence in humans for the carcinogenicity of spironolactone' while 'there is limited evidence in experimental animals for the carcinogenicity of spironolactone'. Overall, it concludes that 'spironolactone is not classifiable as to its carcinogenicity to humans (Group 3)' [4] .
The metabolism of spironolactone is complicated and not well understood [5] . In addition to inhibiting the mineralocorticoid receptor, spironolactone, either directly or via its active metabolites, also has antiandrogenic and progestogenic actions. Therefore, it is plausible that it might increase the risk of hormonally dependent cancers including breast, ovarian, endometrial, pancreatic and colorectal cancers. Spironolactone could potentially either increase or decrease the risk of prostate cancer due to a complex combination of antagonist and partial agonist effects on androgen receptors, possible 5α-reductase inhibition effects and effects on testosterone metabolism [6, 7] .
Previous studies have suggested possible associations of spironolactone use with certain cancers in humans including pharyngeal [8] , thyroid [9] and renal cancers [10] [11] [12] [13] [14] . However, these have involved very small numbers of cases, or have been confounded due to difficulty in separating spironolactone use from the effects of other drugs or hypertension on renal cancer. There have also been reports of possible associations with breast cancer in some studies [15] [16] [17] [18] [19] [20] [21] but in a large cohort study, we found no association with breast cancer [22] . This was confirmed in another recent study that investigated the relationship between spironolactone use and risk of breast and gynaecological cancers [23] . Spironolactone, first marketed in 1953 [24] , is now extensively used. It is therefore important to clarify any association with cancers of all types.
Methods

Primary and secondary objectives
The primary objective was to test the hypothesis that spironolactone exposure influences the development of nine prespecified cancers, either because of biologically plausible mechanisms or because previous observational or animal studies had suggested an association ( Table 1 ). The secondary objective was to screen 27 other types of cancer for an effect of spironolactone exposure.
Study design
The study used a cohort design in the UK Clinical Practice Research Datalink (CPRD) database to compare the incidence of cancers in patients exposed and unexposed to spironolactone.
Study population
The study population consisted of patients who were registered with a general practitioner in the CPRD between 1986 and February 2013. CPRD (formerly known as the General Practice Research Database) [25] is a longitudinal primary care database containing details of patients' demographics, medical diagnoses, referrals to consultants and hospitals, and primary care prescriptions from a representative sample of primary care practices in the UK covering about 7% of the UK population. Hospital Episode Statistics (HES) data are available for a subset of CPRD practices (57%), allowing linkage with hospital discharge diagnostic data [26] .
Ethical approval
The study protocol was reviewed and approved by the Independent Scientific Advisory Committee of the CPRD.
Follow-up period
Enrolment started when 'up-to-standard' data were available for a practice, or when a patient registered after this date. The 'up-to-standard' date is defined as the date from which the practice data met various quality control criteria set by CPRD. This ensured that we only used data that were considered to be 'up-to-standard' as defined by CPRD. The last follow-up date was defined as the practice's last data collection date, or the patient's transfer out date from the practice (includes transfer out due to death) if earlier. In sensitivity analyses we also used a patient's last contact date (last visit to practice, proving that the patient was still contributing to that practice's data) as their last follow-up date.
Study subjects Spironolactone cohort. We identified patients who received at least two prescriptions for spironolactone during the study period. These patients formed the spironolactone exposed cohort. We defined an index date for each patient as the date of the second prescription for spironolactone. The first prescription date was not used to avoid introducing immortal time bias. If a patient's index date was at least 1 year after their enrolment date, we classified them as an incident user. Others were classified as prevalent users.
The exposure of each patient was characterised by mean dose and the proportion of days for which drug was prescribed between first and last exposure. Mean dose was calculated as the weighted mean of the prescribed doses, taking account of the days of supply provided by each prescription. The first 180 days following the estimated last exposure date was classified as exposed follow-up in the statistical models to allow for a lag time in the diagnosis of new cases (Figure 1 ).
Comparator cohorts. We constructed a comparator cohort by matching patients on a propensity score, namely the probability of exposure to spironolactone estimated from a logistic regression model. The predictors in this model were age, calendar year of entry to study, use of combined oral contraceptive pills or hormone replacement therapy, smoking status, alcohol intake, body mass index (BMI), family history of cancer, use of drugs that may be protective against cancer (aspirin, metformin, digoxin and angiotensinconverting-enzyme inhibitors) and history of hypertension, heart failure, liver disease or diabetes mellitus. The Townsend score for socioeconomic status was available in 57% of practices and was included in the estimation of propensity scores in practices that provided it. If a patient's tobacco consumption, alcohol intake or body mass index was not recorded we classified it as such to ensure that patients with missing information were equally represented in the exposed and control cohorts.
Figure 1
Classification of follow-up time in exposed patients. Summary of classification of follow-up time in the spironolactone exposed patients 
Prostate cancer
A higher or lower incidence might be expected on the basis of biologically plausible hormonal effects of spironolactone.
Renal cell cancer Pharyngeal cancer Thyroid cancer Myelomonoblastic/myelomonocytic leukaemia A higher incidence might be expected on the basis of previously reported associations in other observational or animal studies.
a First incidence during the follow-up period of each type of cancer Time-dependent covariates (age, history of exposure and history of disease) were evaluated on each patient's index date, and in order to do this for potential control patients we assigned index dates randomly by incidence density sampling from the distribution of dates in the exposed cohort. Patients were excluded if they had a history of any cancer or ascites on their index date.
For each exposed patient, two control patients were selected at random from the same practice, matched on deciles of the propensity score and sex (to ensure that the cohorts were well matched in the analyses of sex-specific cancers).
Study outcomes
Outcomes were defined as the first incidence of cancer during the follow-up period, classified as one of 36 types (see online Appendix for code lists). We specified nine of these as primary outcomes in advance: ovarian, endometrial, pancreatic and colorectal cancers (a higher incidence may be expected on the basis of biologically plausible hormonal effects of spironolactone); prostate cancer (biologically plausible hormonal effects may lead to either a higher or lower incidence); renal cell cancer, pharyngeal cancer, thyroid cancer and myelomonoblastic/myelomonocytic leukaemia (previously reported associations in other observational or animal studies suggest a higher incidence). Breast cancer was not specified as a primary outcome in this study because we had previously completed a detailed study in CPRD that showed no association between spironolactone use and breast cancer incidence in women aged over 55 years [22] .
Myelomonoblastic/-cytic leukaemia was treated as a primary outcome despite occurring in only 440 patients in the database, 12% below the arbitrary threshold of 500 specified in the protocol for re-designating it as a secondary outcome.
The remaining 27 types of cancer were regarded as secondary outcomes. Detailed information on cancer staging was not available in CPRD.
Statistical analysis
The time from index date to first diagnosis of each cancer was analysed using a proportional hazards model. Calendar year and age were treated as time dependent variables. For the exposed cohort, we also included a time dependent flag variable indicating discontinuation of spironolactone for >180 days. All other covariates were evaluated on the index date.
Hazard ratios were estimated for the exposed and discontinued periods in the spironolactone cohort relative to the control cohort, with exposed time in incident and prevalent users classified separately in sensitivity analyses. All the covariates used to estimate the propensity scores were also used in these models. Z-scores (the estimated hazard ratios divided by their standard errors) were calculated for all 36 types of cancer. Under the null hypothesis that the incidence of all cancers is unaffected by exposure to spironolactone, these scores would have a standard normal distribution. A Q-Q plot was produced to compare quantiles of the observed distribution with those expected under the null hypothesis.
Confounding by indication may be severe in the analysis of liver cancer because spironolactone is indicated for some its symptoms, but at a higher dose than is generally prescribed for heart failure. Therefore, for liver cancer only, patients who were prescribed >50 mg/day of spironolactone, and their control patients, were excluded from the analyses.
Sensitivity and subgroup analyses. We examined the sensitivity of our results for the primary outcomes to the definition of the follow-up period, and to the inclusion of HES data. In the primary analyses patients were followed-up until their practice's last data collection date, unless they transferred out of the practice or died at an earlier date. In one set of sensitivity analyses, follow-up was censored at the date of last contact with each patient (excluding administrative records). In another, we included outcomes identified from HES as well as the CPRD, but restricted the analyses to the 273 practices with linked HES data (available for April 1997 to March 2012).
Results
We found 74 883 patients with at least two prescriptions for spironolactone and no prior diagnosis of cancer or ascites recorded in the CPRD. The exposed cohort in this study consisted of the 74 272 (99%) of these patients for whom we found at least one matched control. Spironolactone exposure is summarised in Table 2 . We classified 52 671 patients (71%) as incident users. Their median follow-up time was 11.3 years (9.6 years exposed and 1.0 years after discontinuation). The median follow-up time was 3.1 years for prevalent users. The mean dose was higher in prevalent users (47 mg vs. 25 mg), and the proportion of days for which drug was prescribed between first and last exposure was high in both groups.
The median follow-up time in the control cohort was 11.5 years (interquartile range 6.9-15.5). Baseline characteristics of the control and exposed cohorts are summarised in Table 3 . There was a good balance at baseline for most potential risk factors. There was an imbalance in the prevalence of heart failure and liver disease, for which spironolactone may be indicated, and the use of digoxin and angiotensin-converting-enzyme inhibitors, also used to treat heart failure, despite matching on a propensity score that included them. Events per 100 000 patient years for the 36 types of cancer defined in this study are given in Table 4 . Liver cancer events were higher in the exposed than control cohorts as might be expected due to confounding by indication, but the bias was reduced when we excluded patients on >50 mg/day spironolactone.
Z-scores for the hazard ratios for each type of cancer in three sets of sensitivity analyses are shown in Figure 2 . In all three analyses, the z-score for prostate cancer was negative and highly significant. In the primary analysis, which followed patients to their practice's last data collection date, spironolactone use was associated with a significantly lower risk of prostate cancer (hazard ratio 0.69; 95% confidence interval 0.60-0.80, P < 0.001). In the primary analysis, the hazard ratio for lung cancer was also nominally significant, and in the sensitivity analysis that censored patients at last contact, the hazard ratio for pancreatic cancer was Table 4 Cases and incidence (events per 100 000 patient-years) for 36 cancer types in the exposed and control cohorts nominally significant. There is a 30% chance of at least one of the remaining 35 tests being significant at P < 0.01 under the null hypothesis that spironolactone has no effect. The hazard ratios relative to controls for each primary outcome during periods of exposure to spironolactone are given in Table 5 .
In the primary analysis for prostate cancer the hazard ratio associated with spironolactone exposure was 0.73 (0.63-0.85) in incident users and 0.58 (0.43-0.78) in prevalent users (Table 6 ). The hazard ratio for high dose vs. low dose was 0.74 (0.51-1.06), and prevalent users in this study received higher doses of spironolactone than incident users. In patients who discontinued spironolactone, the hazard ratio for prostate cancer was 2.08 (1.48-2.92) relative to their exposed period.
Prostate specific antigen (PSA) levels in exposed and control patients in 6 months periods for 2 years before and after their index dates are shown in Figure 3A . Levels were similar in the two cohorts before the index date, but lower in the spironolactone cohort after the index date. PSA levels converged again within 6 months of discontinuation of spironolactone ( Figure 3B ). Other digestive organs 2 2 7 4 8 6 2 8 7 6 3 7
Nervous system
N/A Not applicable; MML, myelomonoblastic/myelomonocytic leukaemia' phtpy, per 100 000 patient-years. We did not analyse a very small number of breast cancer cases in men. a Excluding patients exposed to >50 mg/day spironolactone and their controls. Events per 100 000 patient-years are rounded to nearest whole number Spironolactone and risk of incident cancers Episode Statistics data available. Cancers with hazard ratios that are significant at P < 0.01 are labelled. Prostate cancer is highly significant in all three sensitivity analyses, which use different randomly selected control cohorts. Under the null hypothesis of no effect of exposure to spironolactone, hazard ratios divided by their standard deviations (z scores) would have a standard normal distribution and quantiles of the observed distribution would be close to the theoretical quantiles of the standard normal distribution Table 5 Hazard ratios (95% confidence intervals) for primary outcomes 
Discussion
Principal findings
This study provided no support for the hypothesis that spironolactone exposure increases the risk of nine prespecified cancers, or 27 other cancers. Two different cancers had nominally significant hazard ratios >1 in separate sensitivity analyses, but this was not an unlikely outcome when 35 cancers (i.e. excluding prostate) were screened. However, for uncommon cancers, the confidence limits of our findings were broad.
The study also found a reduced risk of prostate cancer in a large cohort of patients exposed to spironolactone in three sensitivity analyses using different control cohorts. This is consistent with our a priori hypothesis that spironolactone exposure might either increase or reduce the incidence of prostate cancer, based on its known hormonal effects and the likely partially hormonal basis of this cancer. We found a statistically significant 31% reduction in the incidence of prostate cancer with spironolactone exposure. Prostate cancer is the most common cancer in men (nearly 50 000 new cases per year in the UK) [27] and its treatment causes much morbidity; our finding that the incidence of prostate cancer was reduced in men taking spironolactone suggests that it may have a role in primary prevention of prostate cancer. There was some evidence that the incidence of prostate cancer increased after discontinuation of spironolactone, but a further study matching patients at the time of discontinuation would be required to confirm this.
Strengths and weaknesses of the study
This study was carried out in CPRD, a UK primary care database that is representative of the general UK population. However, because the study was observational, all potentially confounding factors may not have been fully controlled for, despite matching on propensity score and adjusting for covariates. Other limitations include the accuracy of coding for the exposure (for example, spironolactone prescribing from secondary care would not have been detected), outcomes and covariates, missing data, and unrecorded confounding factors. Random errors arising from database coding errors were likely to affect exposed and nonexposed cohorts similarly and would bias the results towards the null. The codes used in the study were cross-checked by a cancer specialist and two clinical pharmacologists. Some risk factors for cancer such as family history, genetic abnormalities and ethnicity are poorly recorded in CPRD or could not be fully assessed, but we included all relevant covariates for which data were available. We conducted one set of sensitivity analyses that included HES, to assess the effect of missing outcome events in CPRD, and another that censored followup time at last contact instead of last data collection date, to assess the effect of assuming that patients were present until the later date.
There were too few cases of acute myelomonocytic/ myelomonoblastic leukaemia to draw firm conclusions on whether there was any association with spironolactone exposure. However, we found no clear evidence of increased risk. Figure 3 Mean prostate specific antigen (PSA) in exposed and control patients (A) for 2 years before and after their index dates and (B) for 2 years before and after discontinuation of spironolactone. PSA levels were similar in the exposed and control cohorts before the index date, but lower in the spironolactone cohort after the index date suggesting that spironolactone exposure is associated with lower PSA levels. Within 2 months of spironolactone discontinuation, PSA levels in the exposed cohort returned to levels not significantly different to those in control patients
Comparison with other studies
There have been no other recent studies investigating the relationship between spironolactone exposure and prostate cancer incidence. The Prostate Cancer Prevention Trial reported that finasteride, a 5-α reductase inhibitor, significantly reduced the relative risk of prostate cancer in the general population by 24.8% [28] . However, there was more high-grade prostate cancer in the finasteride group than the placebo group. After 18 years of follow-up, there was no significant difference in survival rates between the two groups. A recent high-throughput chemical screen suggested a potential mechanism by which spironolactone impairs cancer cell survival by inhibiting homology directed repair and suggested that spironolactone might be a new candidate for chemotherapy [29] . In addition, recent work has suggested that spironolactone may enhance tumour cell elimination by natural killer cells in multiple colon cancer cell lines by activating the ATM-Chk2-mediated checkpoint pathway via actions on the retinoid X receptor γ (RXRγ) [30] . However, in the current study, we only found a significant association of spironolactone use with reduced incidence of prostate cancer.
Meaning of the study
The results of this study allay concerns that spironolactone exposure is associated with an increased risk of cancers. In fact, our findings suggest that it is associated with reduced incidence of prostate cancer. Because spironolactone is generally well tolerated and is useful in the treatment of other conditions (hypertension and heart failure) commonly affecting older men at risk of prostate cancer, it may have potential in the primary prevention of prostate cancer, particularly in high-risk patients with other potential indications for spironolactone therapy. At present, patients considered to be at high risk of prostate cancer include older men, men of African descent and men with a positive family history of prostate cancer in a first-degree relative.
Future research
Firstly, our findings need to be confirmed independently in observational studies in different populations. If confirmed, further exploration of the possible effects of spironolactone in the primary prevention of prostate cancer and its place, if any, in the treatment of early stage prostate cancer (currently often managed by active surveillance) [31] and effects on overall mortality in prostate cancer in randomised controlled clinical trials would then be needed before its use could be recommended. Investigation of whether it might accelerate the progression of advanced prostate cancer, as reported in a case study in a single patient [32] , would also be required. In summary, this study identified no increased risk of cancers in people exposed to spironolactone. Further work is required to establish whether spironolactone has a role in the prevention of prostate cancer.
